Abstract: Sensation seeking (SS) is a personality trait defined by a need to seek novel sensations and experiences, accompanied by a willingness to take risks for the sake of such experiences. Various measures of SS have been developed and validated, including a scale specifically for children. Among different populations, SS has been associated with the expression of various health-related risk behaviors, most notably substance use and abuse. Evidence from basic research with laboratory animals and from human clinical studies indicates that high sensation seekers may have an overactive mesocorticolimbic dopamine system relative to low sensation seekers. While the precise molecular mechanisms underlying SS remain to be elucidated, evidence suggests that low levels of monoamine oxidase activity, as well as altered dopamine receptor and dopamine transporter expression and function may play a role. Since altered monoamine function has been implicated in various psychiatric disorders, and since SS has been associated with some of these disorders, clinicians may find that SS offers a useful adjunct in promoting effective patient care and improving patient counseling. This may be especially useful in treating children, adolescents and young adults, as the risk for substance use and abuse is an especially relevant concern during this developmental period.
INTRODUCTION
Among all psychiatric disorders, substance use disorders rank among the most common, with the annual prevalence rate being about 10% in the US population [1] . The toll extracted by substance use disorders in terms of the negative social and health consequences can hardly be overstated. Understanding the neurobehavioral mechanisms of substance use disorders may lead to more effective prevention and treatment interventions. In addition, understanding the relation of different personality constructs to substance use disorders may lead to a more complete understanding of the antecedent and mediational traits that predict vulnerability to substance abuse, thus providing health practitioners with a road map for assessing individual vulnerability at an early age and enhancing the opportunity for early intervention.
One personality trait that has been shown to be a reliable predictor of vulnerability to substance use disorders is sensation seeking (SS). The present review will first describe SS and its relation to substance use and other risk-related behaviors. Second, we will review preclinical and clinical studies that have attempted to elucidate the neurobiological mechanisms underlying individual differences in SS. Finally, we will discuss the potential clinical implications for these empirical findings.
BASIC RESEARCH ON SENSATION SEEKING

Definition and Background
As described by Zuckerman [2, 3] , SS is "a trait defined by the seeking of varied, novel, complex, and intense sensa-*Address correspondence to this author at the Department of Psychology, University of Kentucky, 741 S Limestone, Lexington, KY 40506, USA; Tel: (859) 257-6456; Fax: (859) 257-3235; E-mail: mbardo@uky.edu tions and experiences, and the willingness to take physical, social, legal, and financial risks for the sake of such experience". From a historical perspective, conceptualization of the SS trait was influenced by work conducted during the 1940's and 1950's assessing the role of sensory stimulation on arousal. Fiske and Maddi [4] proposed that sensory stimulation plays a critical role in promoting normal development, as well as maintaining an optimal level of arousal for information processing. It was postulated further that sensory stimulation produces positive affect and thus it tends to be approached as a rewarding event. An especially important line of research that illustrated the importance of novel stimulation to normal functioning was the pioneering work conducted on sensory deprivation [5, 6] . Prolonged sensory deprivation was found to have a debilitating effect on normal functions, often producing hallucinatory experiences, unpleasant emotional feelings and deficits in performance on cognitive tasks. However, not all individuals suffered deleterious effects and there were large individual differences in the reaction to the sensory deprivation, suggesting that people differ in the degree to which they need sensory stimulation.
The first scale to formally measure SS was constructed by Zuckerman [7] and it was primarily intended to provide an operational measure of the optimal level of stimulation for use in sensory deprivation experiments [8] . At about the same time, the seminal work of Eysenck [9] differentiated between introverts and extraverts. Importantly, Eysenck proposed that introverts and extraverts did not differ in basal levels of arousal, but rather that extraverts were more sensitive and reactive than introverts to sensory stimulation. Similarly, high and low sensation seekers based on the Zuckerman's scale were proposed to differ in their reactivity to sensory stimulation, not in basal levels of arousal.
Since the original construction of the Zuckerman scale in 1964, the questionnaire has undergone several revisions. The most widely used form is SS Form-V, which consists of 40 items making up the total scale. Embedded in the scale are four 10-item subscales: (1) Thrill and Adventure Seeking (TAS); (2) Experience Seeking (ES); (3) Disinhibition (DIS); and, (4) Boredom Susceptibility (BS). TAS items express a desire to engage in risky activities in order to produce physical arousal. ES items are typified by a desire to seek new experiences through the senses and mind, such as through music or nonconformist lifestyles. DIS is characterized by the pursuit of social-hedonistic activities, such as through parties, drugs and sex. Finally, BS refers to an intolerance for repetitive experiences, routine work and boring people.
In order to produce an abbreviated form of the Zuckerman scale for adolescents and young adults that would be suitable for survey research, Stephenson et al. [10] developed a Brief Scale. One of the features of this scale is that, unlike the forced-choice format of the SS Form-V, the Brief Scale uses a Likert-type response format. Another feature of the Brief Scale involved updating the terminology of the standard Zuckerman items to make them understandable to contemporary adolescents and young adults. Initial analysis of the Brief Scale self-report measure indicated that the survey exhibits good reliability and validity across characteristics such as sex, age, and ethnic categories [10] .
Most recently, SS is now incorporated into the Zuckerman-Kuhlman Personality Questionnaire (ZKPQ-III), a measurement instrument that offers a model of personality that is an alternate to the five-factor traditional model of Costa and McCrae [11] . The ZKPQ-III is a set of true/false statements that load onto each the following factors: (1) Activity (ACT); (2) Aggression/Hostility (Agg-Host); (3) Impulsive SS (ImpSS); (4) Neuroticism/Anxiety (N-Anx); and (5) Sociability (Sy). ACT reflects a preference for tasks that are challenging and a preference for being on the go. AggHost reflects a rudeness and impatience with others, with a negative reactivity and confrontational style. ImpSS reflects a need for novelty, a preference for risk and a tendency to forego planning. N-Anx reflects a lack of self-confidence, generalized negative emotionality and an exaggerated sensitivity to criticism. Sy reflects an aversion to social isolation, having many friends and a readiness to interact with strangers. Although there is considerable overlap between the ZKPQ-III and NEO-PI-R based on the five-factor model of Costa and McCrae, the ZKPQ-III factors may be more closely associated with biological markers [12] . SS and impulsivity, while loading onto a single factor (ImpSS) on the ZKPQ-III, are thought to be distinct components [12] . As described previously, SS refers to the general need for thrills or the willingness to take risks for excitement, a preference for unpredictable situations and a need for novelty. Impulsivity, in contrast, refers to the lack of planning and a tendency to act quickly on impulse without thinking. It is not currently known what exact neural substrates are involved with SS and impulsivity, but current evidence indicates that SS or novelty seeking involves, at least in part, the mesocorticolimbic dopamine reward pathway [13] . In contrast, behavioral inhibitory processes that tend to reduce impulsive behavior are generally thought to involve frontal cortical regions [14] .
A comprehensive characterization of SS has already been provided in detailed reviews by Zuckerman [2, 3] . Based on these reviews, SS is known to be a stable trait that can be first measured reliably in the early adolescent period. Across the lifespan, SS scores peak during late adolescence and begin to decline from young adulthood into old age. Longitudinal studies suggest that the age-related decline in SS reflects a real change, rather than a generational effect. Although there is an age-related decline in SS scores into late adulthood, individuals within a cohort tend to remain relatively stable within their cohort, such that high sensation seekers in young adulthood also tend to be high sensation seekers later in life. Across the lifespan, males are generally higher than females in SS. In addition, national comparisons indicate that Western cultures score higher on SS than Asian cultures. Within the U.S., European-Americans also score higher on SS than African-Americans. However, these demographic differences have not been obtained reliably across all of the subscales of the Zuckerman scale.
In addition to the SS scale formulated by Zuckerman, several other measurement tools have been used to measure this construct. While a full review of these various alternative scales is beyond the scope of the present review, an especially important one used worldwide is the Tridimensional Personality Questionnaire (TPQ) developed by Cloninger [15, 16] . The original TPQ was formulated as a model that measures three independent dimensions of temperament: (1) novelty seeking; (2) harm avoidance; and (3) reward dependence. Novelty seeking (NS) reflects a tendency toward behavioral activation and a preference for novel situations. Harm avoidance (HA) reflects a tendency toward behavioral inhibition and sensitivity to threat cues. Reward dependence (RD) reflects a tendency toward behavioral maintenance or persistence toward rewards from instrumental achievement. In a more recent extension of this measurement instrument [17] , the Temperament and Character Inventory (TCI) includes the dimension of persistence, as well as three character dimensions called self-directedness, cooperativeness and self-transcendence, each which may be relevant to overall well-being and mental health [18] . While the Zuckerman and Cloninger scales represent alternative models to map personality dimensions, there is overlap between SS defined by Zuckerman and NS defined by Cloninger. For example, using patients in a chemical dependency detoxification setting, McCourt et al. [19] found that total scores on the Zuckerman SS scale correlated with Cloninger's NS scale (r=0.43), but not with either the HA or RD scales. Thus, some generalizations across studies that use either the Zuckerman or Cloninger scales may be made, although with some caution.
Sensation Seeking as a Risk Factor for Behavioral Problems
Although broad personality factors are sometimes used to characterize risk for negative health outcomes in humans, Zuckerman [20] has argued that narrowly-defined traits such as SS may be more useful in predicting specific outcome behaviors. Consistent with this, SS has been shown to be associated with aggressive, sex-for-money and criminal behaviors [21] [22] [23] . In a study conducted among high school students living in midwestern U.S. cities, Donohew et al. [24] found that high sensation seekers were more likely to engage in sexual risk-taking, including having multiple sex partners, causing or becoming pregnant, and having unwanted sex while drunk. Among males, SS is a risk factor for sexual risk-taking, with the DIS scale being associated most closely with the number of partners within the past year [25] . Further, high sensation seekers are more likely to gamble, drive fast and suffer from physical injuries [3] . In a survey of 279 college students, compared to low sensation seekers, high sensation seekers were more likely to not wear seatbelts, beat other drivers at the getaway, weave through traffic and enjoy passing other vehicles, as well as driving at high speeds [26] . However, despite the correlation between SS and risky driving practices, SS scores and subscales were not significantly associated with collision and trafficviolation frequency [26] .
Specific extreme and dangerous sports have also been correlated with high SS scores. Wagner and Houlihan [27] found that hang gliders scored significantly higher than golfers on all subscales of the SS Form-V. Blenner [28] studied a heterogeneous group of 59 skydivers, hang gliders, motorcycle racers, ocean kayakers, rock climbers, scuba divers and ultralight pilots, and found they scored significantly higher than a non-thrill-seeker control group on all subscales of the SS Form-V, with the highest subscore being on TAS.
SS has also been associated with various eating disorders. In particular, individuals with bulimina nervosa or anorexia nervosa characterized by binge eating and purging have higher SS scores than controls [29, 30] , as well as having higher NS scores on the Cloninger scale [31, 32] . In contrast, individuals with the restrictive type of anorexia nervosa have lower SS scores relative to controls [29] . However, in a recent review of this literature, Cassin and von Ranson [33] have provided evidence that challenges the general view that all restrictors are rigid and inhibited, whereas all bingers are impulsive sensation seekers.
Among the various potential negative health outcomes, however, the association between SS and drug use has been characterized most thoroughly. Numerous studies indicate that SS is a reliable predictor of drug use and abuse ( [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] ; Table 1 ), with high sensation seekers being at increased risk. Similarly, as measured by the Cloninger scale, novelty seeking is associated robustly with drug use and abuse [44] [45] [46] . In a recent meta-analysis involving 61 empirical studies, Hittner and Swickert [47] found a small to moderate effect size between SS and alcohol use; however, analysis of the four SS subscales revealed that DIS was correlated most strongly with alcohol use. Interestingly, studies including higher percentages of males and Caucasian subjects had larger effect sizes. In another recent meta-analysis, 82 studies investigating a restricted age group (10-25 yr old subjects) revealed that SS and extroversion scores correlate most strongly with coping motives that support alcohol use [48] . In an Australian study of 2,700 10th and 11th grade students, heavy episodic drinking (HED) was significantly associated with SS in self-report surveys. In combination with high HED scores, the analysis of high SS scores showed a correlation between potentially risky and harmful driving behaviors, such as driving under the influence, nonuse of seatbelts, and being a passenger of a driver under the influence of alcohol [49] . Further, Cheong and Nagoshi [50] found that high sensation seekers exhibit more aggression when tested under the influence of alcohol than when sober.
Similar to the relation between alcohol use and personality traits, individual differences in response to stimulant drugs are related to individual differences in personality traits [51, 52] . For example, SS has been positively associated with amphetamine-induced subjective stimulation and elevated mood [53] [54] [55] . However, other studies have not found such relationships [56, 57] , which may be due to a small sample size or insensitivity of the personality measures chosen. A recent double-blind study using a large sample of psychiatrically healthy individuals between 18-35 years of age showed that individual differences in positive mood and other subjective effects of amphetamine are predicted by personality traits related to SS [58] . In the latter study, the personality trait of reward sensitivity, as measured by the Multidimensional Personality Questionnaire, was associated with a greater positive response to oral amphetamine, which included greater energy, intellectual efficiency, euphoria, vigor, arousal, elation, friendliness, positive mood, lessened sedation and fatigue, as well as drug liking and drug wanting. In another controlled laboratory study, high sensation seekers have been shown to be more sensitive than low sensation seekers to the rewarding effects of drugs of abuse as measured by self-administration [54] . The relation between SS and positive response to amphetamine in healthy volunteers is consistent with the idea that common neural mechanisms underlie both measures, and that such mechanisms may be in part responsible for the increased vulnerability to psychostimulant use and abuse among high sensation seekers.
While a relationship between SS and drug use has been observed across various pharmacological classes, some evidence suggests that the choice of substance may correlate with subscales of the Zuckerman scale. For example, in a study of SS and drug use in 1027 Norwegian male and female high school students aged 16-19 years, Pedersen et al. [59] found that DIS correlated highly with alcohol, while TAS predicted tobacco use. In contrast, high scores on ES predicted use of cannabis and tranquilizers.
SS is assumed generally to be an antecedent trait that increases risk for abuse; however, much of this work has involved cross-sectional analyses, which does not allow for determining the exact relation between SS and drug use. In a recent 10-year longitudinal study, Horvath et al. [60] assessed SS and drug use in 9 th and 10 th grade students, and then re-assessed these same subjects for SS and drug use at 19-21 years of age. Controlling for drug use in grades 9 and 10, a regression analysis showed that SS predicted later drug use. Interestingly, however, controlling for SS in grades 9 and 10, a regression analysis also showed that drug use predicted later SS. Thus, while SS clearly influences drug use, there is also a reciprocal relationship between drug use and SS. That is, drug use may predict later SS due to a third variable (e.g., common deviant peer influence) or by having a direct effect on brain function.
Heritability of Sensation Seeking
To the extent that SS represents a biologically-based trait, one would expect to observe a genetic influence on its ex-pression. To assess this, Fulker et al. [61] administered the Zuckerman scale to over 400 monozygotic and dizygotic adult twins. Using a complex biometric-genetic statistical approach to identify specific sources of variation, SS was found to be primarily a function of genetic and within-family environmental factors. Genetic factors alone accounted for 58% of the variance in SS scores. Further, some evidence was obtained indicating that the degree of inheritance was greater in males than in females.
In a similar study, Koopmans et al. [62] examined 1591 adolescent twin pairs and discovered between 48-63% of variance on SS scores to be attributable to genetic factors. The subscales correlated most strongly were TAS and ES, as well as BS and DIS. Correlations among subscales were associated primarily by genetic factors and, to a lesser extent, by correlated unique environments. In contrast to the report of Fulker et al. [61] , no evidence was obtained that genes influenced SS differentially in males and females.
In a more recent study, Stoel et al. [63] administered the SS scale Form IV to Dutch monozygotic and dizygotic twins, as well as to non-twin siblings. Monozygotic twin correlations across the four SS subscales were approximately twice the dizygotic twin and sibling correlations, indicating that a relatively large portion of SS is attributable to additive genetic factors. Heritability estimates were highest for males on the ES and DIS subscales (~60%) and lowest for females on the BS subscale (~30%). However, evidence for common environmental influences were also noted for males on the TAS subscale (~20%) and for females on the ES and BS subscales (~15%). Thus, taken together, these behavioral genetic analyses support the view that SS has a heritable biological basis.
Neural Mechanisms of Sensation Seeking: Animal Models
Since the biological connection between SS and drug use cannot be assessed fully in experiments involving human subjects, this area of investigation is benefited from controlled experiments using laboratory animal models. While there is no universally accepted animal model of SS, several different models have been used to assess individual differences in this construct. One rodent model that has received considerable attention is the novelty "responder" test [64] . With this model, rats are categorized as either high or low responders (HR or LR, respectively) based on a median split of their level of activity in an inescapable novel environment. A consistent finding is that HR rats are more sensitive than LR rats to the rewarding effect of self-administered drugs such as amphetamine and cocaine [64] [65] [66] . Despite the wide use of this model, it is not clear to what extent it reflects individual differences in novelty seeking or SS, as opposed to individual differences in stress reactivity within the inescapable novel environment. Stress reactivity likely plays at least some role, since HR and LR rats differ in levels of the stress hormone corticosterone [67] .
Piazza et al. [64] demonstrated initially that rats categorized as HR based on activity in inescapable novelty self administer more amphetamine intravenously than LR rats. Subsequent research extended these results by determining if individual differences are sex-and dose-dependent and if individual differences in activity in inescapable novelty are related to individual differences in novelty preference [68] . In novelty preference tests, rats are categorized as either high or low in novelty seeking based on their preference for a novel context or object relative to a familiar context or object. In a study by Klebaur et al. [68] , male and female rats were assessed for activity in inescapable novelty and novelty preference, and then were assessed for amphetamine selfadministration using various unit doses. Based on activity in inescapable novelty, no reliable differences were obtained at high doses; however, at the lowest dose assessed (0.03 mg/kg/infusion), both male and female HR rats selfadministered more amphetamine than LR rats. However, no individual differences were obtained in amphetamine selfadministration based on novelty preference. In contrast to the reliable differences in amphetamine self-administration observed between HR and LR rats, it was surprising that Klebaur et al. [68] found that novelty preference did not predict amphetamine self-administration, given that SS predicts drug use in humans (Table 1) . However, human studies typically treat SS as a continuous variable and typically report large sample sizes, whereas the Klebaur et al. [68] study in rats used a median split approach with small sample sizes (n=9-14 per group). Thus, in a more recent follow-up study, a hierarchical multiple regression analysis using a large sample of rats (n=179) was employed by Cain et al. [69] . Each rat was assessed for activity in inescapable novelty and novelty preference, followed by an assessment of amphetamine self-administration across varying unit doses and different schedules of reinforcement. At a high unit dose of amphetamine (0.1 mg/kg/infusion), activity in inescapable novelty significantly predicted amphetamine self-administration, with higher levels of activity being associated with more amphetamine self-infusions; addition of the novelty preference test significantly improved the predictive model. Furthermore, at an intermediate unit dose of amphetamine (0.03 mg/kg/infusion), novelty preference provided unique prediction, with high novelty seekers selfadministering more amphetamine than low novelty seekers. Thus, these results indicate that, similar to the evidence obtained in humans, individual differences in novelty seeking predict drug use in rats when assessed with a hierarchical regression analysis in a large sample. These results also suggest that tests for inescapable and free-choice novelty may model different aspects of SS.
Interestingly, individual differences in novelty preference have been shown to also predict amphetamine conditioned place preference [70, 71] , with high novelty seekers showing greater amphetamine conditioned place preference than low novelty seekers. Conditioned place preference is an alternative to the self-administration model for measuring drug reward in rodents. In this model, the drug is paired with one distinct context and saline is paired with a different context. When subsequently tested in a drug free state, rats show a preference for the drug-paired context, which is thought to model cue-elicited drug seeking in the absence of drug [72] . Thus, it appears that novelty preference as an animal model of SS may be a useful predictor of both the primary reinforcing effect of the drug as measured by self-administration and the conditioned effect of the drug as measured by conditioned place preference.
Based primarily on these preclinical models, there is a prevailing view that SS involves ascending mesocorticolimbic dopamine projections that emanate from the midbrain ventral tegmental area to innervate the nucleus accumbens, medial prefrontal cortex and other limbic structures involved in natural reward [13, 73, 74] . Based on the novelty responder test, compared to LR rats, HR rats exhibit greater midbrain dopamine neuronal firing [75] , greater levels of extracellular dopamine in the nucleus accumbens following either inescapable novelty or stimulant drugs [76, 77] , and greater mRNA levels for tyrosine hydroxylase and for dopamine D1 receptors [78] . Additionally, a reduced density of nucleus accumbens dopamine D2 receptors has been reported in HR rats relative to LR rats [79] , suggesting a decreased number of release-regulating autoreceptors or a compensatory down-regulation of postsynaptic receptors in response to the increased presynaptic dopamine release.
Although individual differences in response to novelty have been associated with differences in extracellular dopamine levels in the nucleus accumbens, the precise molecular mechanisms associated with this neurochemical difference have not been elucidated. Extracellular concentrations of dopamine represent the net effect of both release and uptake processes, indicating that the dopamine transporter may be an important molecular target underlying these individual differences. Consistent with this, HR rats have a greater velocity of dopamine uptake in nucleus accumbens compared to LR [79, 80] . Zahniser and colleagues have also reported that individual differences in cocaine-induced activity are related to individual differences in dopamine transporter function in striatum and nucleus accumbens [81, 82] . In contrast to cocaine, however, individual differences in amphetamine-induced activity are not correlated with dopamine transporter function in striatum [81] . This pharmacologic specificity may occur because cocaine is a dopamine transporter inhibitor that increases cell-surface dopamine transporter expression [83] , whereas amphetamine releases dopamine by reversal of the dopamine transporter [84] and decreases cell-surface dopamine transporter expression [85, 86] .
A potential relationship between SS and monoamine oxidase B (MAO-B) activity has been investigated using MAO-B knockout mice. MAO-B knockout mice exhibit reduced habituation of locomotor activity in an inescapable novel environment compared to wild type mice [87] . While these findings are consistent with a role for dopamine in SS, the involvement of norepinephrine and serotonin cannot be ruled out, as MAO-B also degrades these monoamines. In particular, noradrenergic projections from the locus coeruleus to the hippocampus may be critically involved, as the hippocampus has long been implicated in novelty detection [88, 89] and a differential neurogenesis has been observed in the dentate of HR and LR rats [90] . Differences in the distribution of hippocampal intra-and infra-pyramidal mossy fibers, as well as suprapyramidal mossy fibers, have also been shown to correlate with individual differences in response to novelty [91, 92] , suggesting that individual differences in the mossy fiber system may play a role in SS.
Neural Mechanisms of Sensation Seeking: Human Studies
Early work in this area attempted to determine if high and low sensation seeking humans could be differentiated based on biological markers in blood, particularly hormonal markers related to stress and gonadal function. While an initial report indicated that high sensation seekers have low basal levels of the stress hormone cortisol [93] , a more recent study failed to confirm a relation between SS and basal cortisol [94] . In addition, high and low sensation seekers do not differ significantly in stress-evoked changes in blood cortisol [95] . Similarly, initial reports showing that high sensation seekers have elevated basal levels of testosterone [96, 97] have been countered by other reports showing no effect [98, 99] . While differences in procedure or sample populations may account for these discrepant findings among studies, it seems clear that a simple measurement of blood hor-mone levels will not provide a convenient diagnostic tool to differentiate between high and low sensation seekers.
More recently, examination of the neurobiological mechanisms underlying SS have shifted focus to the central nervous system. Consistent with preclinical studies using laboratory animals, evidence obtained from human subjects suggest that individual differences in SS are mediated, at least in part, by differences in brain dopamine function. A recent report using functional magnetic resonance imaging (fMRI) showed that individual differences in SS are correlated with increased neuronal activity in the nucleus accumbens, a densely innervated dopamine terminal region [100] . Additionally, genes acting within the dopaminergic pathway have been proposed as plausible candidate genes for heritable personality traits and behaviors, such as tobacco smoking and alcohol use. In a study of 72 alcohol-dependent individuals, a significant association was found between the dopamine D1 receptor (DRD1) gene DdeI polymorphism and SS as measured by the Zuckerman scale, but only in the alcohol-dependent male subjects [101] . Additionally, a highly polymorphic 48-base pair variable number of tandem repeats (4 and 7 repeats most common) in exon III of the dopamine D4 receptor (DRD4) gene has been reported to be associated with SS as measured by Cloninger's scale or Costa and McCrae's inventory [102, 103] . The DRD4 gene appears to be highly expressed in frontal cortex, amygdala, hippocampus and hypothalamus [104] . Subsequent reports using independent populations have either refuted [e.g., 105, 106] or confirmed [e.g., 107, 108] these initial reports, thus generating considerable debate in this area. Since different outcomes have been obtained among different populations, it is possible that the relationship between the dopamine DRD4 gene and SS is moderated by gender and/or cultural factors. Recently, a study using a cohort of 15-year old adolescents was undertaken to determine the extent to which SS serves as a mediator in the relationship between the DRD4 gene polymorphism and tobacco use [109] . The results indicated that the DRD4 gene confers a risk during early stages of smoking in adolescents; specifically, males carrying the 7 repeat allele of the exon III DRD4 polymorphism had higher rates of lifetime smoking and higher tobacco consumption than males carrying the other alleles. However, results of analyses involving single genes should be considered preliminary because such complex traits will likely require analyses of multi-gene interactions, as well as interactions between genotype and environment.
Studies using other experimental approaches also implicate dopamine systems in mediating individual differences in SS and psychostimulant drug effects. Using positron emission tomography (PET) [ 18 F]fallypride, a benzamide with high affinity for the dopamine D2/D3 receptor, has been used to visualize and quantify receptor numbers and dopamine release in human striatal and extrastriatal brain regions in response to oral amphetamine [110] . A positive correlation between SS based on the Zuckerman scale and left ventral striatal dopamine release was observed in male subjects. In extrastriatal regions, SS was negatively correlated with amphetamine-induced dopamine release in the anterior cingulate cortex, with the greatest extent in the pre and subgenual cingulate, left insula and temporal cortex, and left thalamus, which extended into the left hippocampus and medial temporal cortex. Dopaminergic transmission in these extrastriatal regions is thought to be mediated primarily by volume transmission and the observed changes in [
18 F]fallypride binding was likely due to dopamine displacement of the radiolabeled tracer at extrasynaptic D2/D3 receptors.
Consistent with preclinical evidence from MAO-B knockout mice mentioned previously [87] , relationships have been reported with respect to individual differences in SS and MAO activity in humans. For example, high sensation seekers based on the Zuckerman scale have been shown to have low MAO activity in blood platelets [111, 112] . While these results suggest that the activity of monoamine brain systems may differ between high and low sensation seekers, this conclusion is speculative because platelet MAO activity is not a reliable index of MAO activity in the brain [113] . Nevertheless, platelet MAO is known to have a high level of heritability and regulation of gene expression may explain the individual differences in MAO activity.
The mechanism underlying the association between low MAO activity in blood platelets and SS has been explored further using electrophoretic mobility shift assays to investigate the pattern of protein binding to a 150 bp fragment of the proximal 5' flanking region of the MAO-B gene in human lymphocytes and in brain [114] . Results from this study indicated that individual differences in MAO-B enzyme activity, rather than genotypic variation, are responsible for the observed relationship. In another study, Oreland et al. [115] investigated the endocytic adapter protein (AP-2) transcription factor family, which regulates MAO-B gene expression. The presence of two long AP-2 beta alleles, consisting of a variable number of tandem repeats in the polymorphic portion of the second intron, resulted in low platelet MAO activity. Thus, the possibility remains that the molecular mechanisms underlying SS may involve the heritability of factors regulating the expression of platelet and brain MAO enzyme activity.
Another approach implicating dopaminergic systems in mediating individual differences in SS involves plasma prolactin levels. SS has been associated with greater plasma prolactin levels, as well as greater prolactin and growth hormone responses following administration of dopamine D2 agonists such as apomorphine, bromocriptine and lisuride, D1/D2 antagonists such as fluphenazine, and dopamine releasers and uptake blockers such amphetamine and methylphenidate [94, [117] [118] [119] ; however, the serotonergic system has also been implicated in SS and prolactin response [120] . In a recent report, high novelty seekers were shown to have reduced prolactin levels compared to low novelty seekers [121] . Since dopamine is known to suppress prolactin secretion from the tuberohypophyseal system [122] , this suggests that dopamine function may be overactive in high sensation seekers.
CLINICAL IMPLICATIONS
Developmental Issues
As mentioned previously, a variety of scales have been employed to assess elements of SS in research settings using young adults. However, clinical research with children and adolescents has required a revision of the Zuckerman scale as a valid measure of SS in these younger age groups. One modified version is the SS Scale for Children [123] , which has been adapted for use in children between the ages of 7-12. This scale was developed by shortening the standard SS Form-V to 26 items and removing items dealing with actual substance use and sexual activity. Results indicate that the SS Scale for Children has adequate reliability and internal consistency [124] .
The relevance of SS to issues in clinical practice is probably most profound when treating adolescents and young adults. An association of age and SS has been well described in adolescents [123, 124] and young adults [125, 126] . In a cross sectional study of early adolescents undergoing the rapid changes of puberty (11-14 years), the Pubertal Development Scale (PDS) self-report was found to be related to SS in males and females [127] . Cigarette, alcohol and marijuana use, but not smokeless tobacco, was associated with earlier onset of puberty in males. Similarly, in females, alcohol use was associated with earlier onset of puberty. Importantly, a regression analysis revealed that SS mediated the relationship between pubertal stage and alcohol use in both genders, suggesting that the association between onset of puberal hormones and onset of drug use is propelled by the emergence of SS characteristics.
Clinical Correlates of Sensation Seeking
Independent of SS, a number of psychiatric disorders have been associated with substance use. The selfmedication hypothesis proposes that drug use is initiated and maintained in an attempt to remedy an underlying psychiatric condition [128] . A key feature of this hypothesis is that the type of psychiatric condition dictates, at least to some extent, the type of drug preferred. In particular, it is postulated that depressed individuals are prone to choose stimulants, anxious individuals are prone to choose sedatives and alcohol, and aggressive/hostile individuals are prone to choose opiates. While there is some evidence to support the self-medication hypothesis, the ability of specific antecedent psychiatric conditions to predict drug use has generally been weaker than the predictive power offered by SS. For example, in a study involving 1900 Israeli adolescents 14-19 years of age, measures of anxiety, depressive mood, and SS were obtained, and only students receiving a high score on SS reported current and future substance use intention on Kandel's inventory [129] . In addition, in contrast to the selfmedication hypothesis, high SS adolescents who use or consider using psychoactive substances have been found to be attracted more to the general mood-altering effects of the substance, rather than to a specific substance class [129] .
Nonetheless, there is considerable evidence that a variety of psychiatric disorders are related to SS. As mentioned previously, SS has been associated with eating disorders such as anorexia nervosa and bulimia nervosa [33] . In addition, individuals with depressive symptoms score low on SS [130] , whereas individuals with bipolar symptoms tend to score high on SS [3] . Bipolars have been shown to exhibit extreme SS when in a manic state, while also exhibiting relatively high SS scores during normal and depressive states [3] . Further, Scourfield et al. [131] found that women with a substance use disorder and a comorbid anxiety disorder had lower SS scores than women with a substance use disorder alone. In contrast, men with substance use disorders and comorbid anxiety disorders had higher scores on the ES subscale and total SS scale compared to those with a substance use disorder alone.
In addition to the major mental disorders, some developmental and personality disorders are also correlated with SS and drug use. Ball et al. [125] found that individuals with cocaine and alcohol use disorder had high SS scores, but only if they also had a family history of antisocial personality, conduct disorder, or attention deficit hyperactivity disorder (ADHD) in their first degree relatives. Martin et al. [132] investigated directly how SS was related to disruptive disorders, including ADHD, oppositional defiant disorder, and conduct disorder, as well as how SS and disruptive disorders were associated with use of nicotine, smokeless tobacco, alcohol, and marijuana use. In this study, early and mid adolescents were recruited from a child psychiatry clinic and two pediatric clinics with an emphasis on those with disruptive disorders and ADHD referrals. It was found that SS and disruptive disorders correlated in males, but not in females. In addition, in both males and females, SS and disruptive disorder symptoms had an additive impact on drug use risk in early and mid-adolescents. In general, SS was associated more highly with drug use in the early and mid-adolescent population, except in the case of smokeless tobacco use, which was associated more closely with conduct disorder. In another study among 60 alcohol-dependent patients, subjects identified as having an impulse control disorder, including kleptomania, pyromania or pathological gambling, scored higher on SS compared to patients without an impulse control disorder [40] . Thus, personality disorders associated with hyperactivity, social defiance and deficits in impulse control are overrepresented in high SS adolescents.
Sensation Seeking and Clinical Practice
Despite the relation between SS and various psychiatric disorders, SS is rarely used clinically to guide assessment or treatment. However, in one study of African-American cocaine-dependent patients participating in a 12-week intensive treatment program, cocaine-dependent subjects were found to have significantly higher SS scores than control subjects [133] . High SS scores also correlated with a poor treatment outcome for cocaine-dependent subjects, suggesting that it may be a useful predictive tool for treatment outcome. Importantly, the SS scale can be easily administered in the clinic setting to young adolescents, as demonstrated by Martin and colleagues [127, 132] . As an adjunctive clinical instrument, measurement of SS in the clinic should start in early puberty, when adolescents begin experimenting with drug use. This measure could heighten awareness among clinicians, parents and patients that early adolescence is a period of increased risk for drug use, other high risk behavior, and affiliation with high SS peers [134] .
High SS alone is not likely to motivate an individual to seek psychiatric treatment. However, as discussed earlier, there are psychological and medical morbidities associated with SS, primarily those associated with risky behaviors such as drug use, risky sexual behaviors, and dangerous behaviors that result in traumatic injury. Given what we know about the biological underpinnings of SS, specifically low MAO, high dopamine function and increased sensitivity to psychoactive drug effects, this information may be useful to clinicians who treat patients who present with psychiatric and medical morbidities associated with high SS. For example, since SS is often associated with impulse disorders [132] , perhaps the clinician should not only assess impulse disorders, but should also examine SS level. Clinically, this may translate into assessing impulse disorders, such as ADHD, oppositional defiant disorder and conduct disorder, as well as SS. If there is evidence of ADHD, pharmacological treatment might be considered. Given that high sensation seeking is associated with increased drug abuse risk and "liking" of drugs with abuse liability, it may be safer to use medications with low abuse liability profiles (lower dopaminergic activity) such a bupropion or guanficine, although this is not currently an FDA approved indication. Further, since there is an association between SS and bipolar depression [3] , this mood disorder should also be assessed. Obviously, if a substance use disorder is the primary concern, a pharmacological intervention should be devised that targets the substance use, again considering that high SS is associated with enhanced sensitivity to drug effects; it might be best to start with low doses and go slowly with respect to dose escalation with all medication interventions. In the specific case of nicotine dependence, it might be advisable to consider medications with low reinforcing properties, such as bupropion or varenicline.
Outside the clinic, an extensive body of prevention intervention research is also discovering approaches to increase the effectiveness of televised anti-drug messages through audience targeting [135] . The original model on which this program of research has been based employs formal message features, such as novelty, intensity, and movement, to attract and hold the attention of members of the target audience long enough for persuasive and instructional messages to be understood [136] . Messages targeted specifically to high and low SS individuals have been found to be effective in attracting and holding attention and changing attitudes, behavioral intention, and behavior in relation to substance abuse [135] . The characteristics of the two types of messages-high sensation value and low sensation value-have been wellestablished. Some of the terms describing high sensation value messages are novel, creative, unusual, intense, arousing, and ambiguous. Some of the terms describing low sensation value messages are familiar, predictable, calm, and clear. To date, these strategies have not been applied in the clinical setting. However it is likely that a clinician's "preaching" is not going to have an impact on high risk behaviors and will in fact tune out the patient. Engaging the patient in a nonjudgemental discussion of their behaviors that includes their current drug use and risk behaviors that are both health-related (e.g. sexual behavior) and hobbyrelated (e.g. dirt biking) is an entry into evaluating the patient in order to assess their health risk. Patients can take some pride in their escapades and may be forthcoming if asked a question such as "What is the most dangerous thing you have ever done?" Perhaps counseling at-risk high SS adolescents to engage in high risk behaviors that require discipline and a drug free state (e.g., repelling) will have a therapeutic benefit, although this possibility has not been assessed in the clinical setting.
CONCLUSION
Clearly, SS is a heritable personality trait associated with a host of health-related risk behaviors, most notably drug use and abuse. Evidence indicates that high sensation seekers are more sensitive than low sensation seekers to the rewarding effects of drugs of abuse, perhaps due to individual differences in brain monoamine function. Clinicians need to be aware of the various scales used to measure SS in order to obtain an accurate measurement. Assessing SS in adolescents could help clinicians to identify, communicate and intervene with their patients and therefore hopefully improve their therapeutic outcome.
